The aero-optical characteristics of the wake beneath a hovering helicopter was computed using Unsteady RANS (URANS) and Large-Eddy Simulations (LES). The computational methodology consisted of combining a URANS simulation with a vorticity-confinement method to produce a model of the large-scale vortex wake of the helicopter. An LES simulation of the local flow around a vortex segment was then performed and the solutions were superimposed onto the large-scale vortex structures computed using the URANS CFD, and time-resolved optical wavefronts were computed on a beam of light passing through the flow. The computed optical aberrations of the wake can be used to develop adaptive-optic systems or other beam-control approaches. 
I. Introduction
n recent years the optical environment encountered by high-energy laser (HEL) systems on fixed-wing platforms has received increased attention [1] [2] [3] [4] [5] [6] [7] . These platforms commonly employ hemisphere-on-cylinder turrets because of their large field of view, ability to easily aim the outgoing beam, and similar aerodynamic characteristics in all orientations. At high subsonic speeds and greater, the turbulent boundary-layers, shear-layers, and shocks that form in the vicinity of the turret, shown in Fig. 1 , become optically active creating a complex aberrating flow topology [1, 2] . Significant research has focused on the development of active and passive flow-control techniques for these turret flows to control the separation points around the turret and limit the impact of these aberrating flows on the field-of-regard of the HEL systems. Data have also been collected to aid in the design of aberration-mitigating adaptive optic (AO) systems that employ deformable mirrors. These approaches have shown favorable results for regularized flows using a feed-forward method, but conventional closed-loop AO systems can be limited by the currently-available hardware since most of these aberrations occur in the kilohertz range [4] .
For helicopter-mounted HEL systems, where the airborne platform typically operates at low subsonic speeds, the near-body flow around the turret is of less significance to the aero-optic problem. For this type of optical application the aero-optic aberrations have been shown to primarily originate from the helicopter rotor blades [8] [9] [10] . The tip vortices shed from helicopter blades rotating at high transonic Mach numbers possess significant compressible flow features and propagate downward into the field-ofregard of the optical system, as illustrated in Fig. 2 .
Evaluation of the aero-optical environment surrounding a helicopter therefore depends on an understanding of blade-wake and tip-vortex interactions as well as the gross flow-field associated with the helicopter wake. In our previous investigations into helicopter aero-optics [8] [9] [10] , we used a prescribe-wake model to parametrically define the locations of the helicopter tip vortices. The resulting tip-vortex geometries were then used to determine the velocity field using the Biot-Savart law, after which an experimentally-validated computational model was used to determine the associated density and index-of-refraction fields using the Gladstone-Dale relationship, Eq. (1).
In this study, we expand on previous investigations by computing the tip-vortex strengths and trajectories using a combination of Unsteady Reynolds-averaged Navier Stokes (URANS) and large-eddy simulations (LES). As will be shown, this method produces more-realistic vortex dynamics, including vortex interactions, the effect of small-scale turbulence, and other secondary effects, thus leading to improved information regarding the magnitude and frequency content of aero-optic aberrations encountered by an optical system mounted on the helicopter.
II. Computational Method
The study is concerned with the aero-optic environment created around a helicopter mounted HEL system during hover. The hover flight regime is the most demanding from an aero-optical standpoint since, without any forward velocity, the shed blade-tip vortices propagate downward in a helical manner fully encompassing the helicopter and mounted optical system.
A. Unsteady RANS Simulation
The computational geometry was modeled on published data of a UH-60 rotor [11] , enclosed in a 90 o sector of a cylindrical domain. The boundaries of the cylindrical domain were extended 3 rotor radii in the axial direction and 2.5 rotor radii in the radial direction to limit the effect of the boundary conditions on the solution near the rotor. Periodic boundary conditions are applied in the circumferential direction, and all other boundaries were modeled as pressure inlet/outlet boundary conditions and all flow within the computational domain resulted from the pressures induced by the rotor. The hexahedral unstructured mesh was generated using ANSYS ICEM and consisted of approximately 7.5 million cells, the majority of which were clustered near the rotor and in a specified interrogation region where the vortex filaments were predicted to propagate. The body-fitted boundary-layer grid was composed of a C-grid in the spanwise and cordwise directions, see Fig. 3 . A target Δy + value of 11 was chosen to reduce the computational expense of the simulation. Enhanced wall functions were used to model the physics of the flow near the blade surface.
Compressible URANS calculations were conducted using an implicit density-based solver with second-order accuracy in both time and space along with the sliding mesh model option in the commercial CFD code FLUENT. The Spalart-Allmaras one-equation closure model was used to model the turbulence in the flow. To preserve the vortical flow-field produced in hover a vorticity confinement method (VCM) was implemented by use of FLUENT's user-defined function capability [12] . The results of the simulation were then used in tandem with a LES computation to capture a range of flow structures and optical distortions. 
B. Vorticity Confinement Method (VCM)
Numerical schemes in RANS CFD codes tend to introduce numerical dissipation, which artificially diffuses vortices in a flow field. Vorticity confinement counteracts this dissipation by adding a body force, which acts as an anti-diffusion term, to the momentum equations [13, 14] . This force can be added to the integral Navier-Stokes equations as a source term, S, as shown in Eq. (2). (2) The source term, S, in Eq. (2) is essentially a body force addition that can be expressed as :
This body force term is defined by Steinhoff [14] as:
where ε is an empirically defined strength parameter and W is the normalized vorticity vector multiplied by the harmonic mean:
The parameter δ in Eq. (6) is a small constant used to prevent division by zero. The VCM method used in this paper, specifically VC2 [15] , explicitly conserves momentum and has been shown to preserve thin vortical structures spanning as few as three grid cells in both incompressible and compressible flow solutions [15, 16] . Since the confinement strength is dependent on the numerical dissipation of the solver, which is related to the cell volume, an additional term was added to the VC2 formulation to account for the anisotropic computational mesh. For isotropic grid cells an adaptive scaling has been developed based on the ratio of a cells volume to the average cell volume in the computational domain, as shown in Ref. 17 . When stretched anisotropic cells, such as those used in this study, are present on a grid this adaptive method is not ideal. Instead, a scaling based on a characteristic length, h, in the direction of the vorticity gradient magnitude, shown in Ref. 18 , was implemented. The body force is:
A dimensional analysis of Eq. (7) suggests that the confinement strength parameter has units of m/s. To nondimensionalize the parameter the body force is multiplied by the cell velocity magnitude, as shown in Ref. 19 . The final form of the body force is:
C. Large Eddy Simulation
The URANS solver coupled with VCM is capable of preserving and propagating the rotor wing-tip vortices but the turbulence modeling restricts the ability to model smaller-scale turbulent structures resulting from instability and transition. To model these smaller-scale structures, compressible LES was used to supplement the URANS solution.
The LES was performed using CharLES, a compressible LES code developed by Cascade Technologies Inc. [21] . It uses a low dissipative, finite volume algorithm with explicit time stepping and is second-order accurate in space and third-order accurate in time. The subgrid scale stress is modeled using the Vreman model [22, 23] . This LES solver has been successfully applied to other aero-optical applications [24] . The tip vortex was modeled as a vortex column with periodic boundaries in the axial direction and sponge-type boundary conditions in the other two directions, see Fig. 4 . The computational domain size is 60 r c in the axial direction and 160 r c in the two other directions, where rc is the vortex core radius. The grid was composed of nearly 24 million cells and used a nondimensional time step of 0.032. The simulation was initialized using time-averaged vortex velocity (shown in Fig. 5) , pressure, and density profiles extracted from the URANS/VCM simulation. Random perturbations are added to trigger transition. The vortex was allowed to evolve in the LES to represent realistic turbulence generation and vortex decay.
In the solution procedure, the URANS calculations and LES are performed independently. This method effectively merges the bulk-flow characteristics from a URANS simulation with the detailed flow structures from LES. The steps involved are described as follows (visualized in Fig. 6 ): i. First, a simulated outgoing beam is placed in the URANS solution and used to determine when a rotor vortex passes through the beam. At this instant, the vortex at the beam-intersection point has a wake age ψ w that is equal to the total distance from the beam-intersection point along the rotor vortex back to rotor tip. The expected vortex core radius r c at the beam-intersection point can then be computed using:
Equation (9) is an empirical correlation that has been found to match a large database of measurements of fullscale helicopter wakes, with the constant a 1 ~ 0.00012 and α is the Lamb-Oseen constant (i.e. α = 1.256). Over the course of the vortex evolution up to beam aiming elevation angles from 0 o -20 o , vortex core radii between 0.055 and 0.065 m are expected. ii. Once the expected r c is determined, the instant in time at which the LES-computed vortex had the same core radius was then extracted from the LES solution and superimposed onto the core locations. As described in Section C above, the initial conditions for the LES solution are taken from the local flow conditions computed using the URANS. iii. The density field computed from the LES was then converted to index of refraction using Eq. 1. iv. The index of refraction field was used to compute the aero-optic effects on the outgoing beam, using Eqs. (10) and (11) below. In computing the aero-optic aberrations, the LES vortex was also oriented at the same angle with respect to the outgoing beam as dictated by the local angle of the rotor vortex determined from the URANS simulation.
Here OPL and OPD are the optical path length and optical path difference respectively and the angle brackets denote a spatial average over the aperture.
III. Aero-Optical Results
The computational methods described in Section II were used to generate a time-series of wavefront images for a beam propagating through the rotor wake of a 4-bladed, medium-sized utility helicopter. In the following sections, the results of the modified URANS solution (that uses the URANS vortex locations along with the Biot-Savart law, Euler equations, and isentropic relationships to compute the density field [8] [9] [10] ), and embedded LES solutions are presented and compared to previous simulations performed using prescribed-wake methods described in [8] [9] [10] . Figure 7 shows a visualization of the rotor wake, where the vortex locations are tracked using the "λ 2 criterion" [25] , which highlights the reduced pressure inside the vortex cores [3] . Note that Fig. 7 shows the wake vortices for only approximately 2 rotor revolutions; this is because the wake vortices for the preceding 4 rotor revolutions lie in a lower-resolution mesh region below the region shown in Fig. 9 . This separation of the wake region into higher-and lower-resolution meshes was used in order to reduce computational effort and to speed the rate of the computations; however, it should be noted that the wake in the low-resolution region still produces the correct influence on the development of the overall helicopter wake-vortex system.
A. URANS Solution

Fig. 6. Schematic of LES solution embedding procedure. Vortex pattern is from an actual URANS
solution with vortex cores visualized using the "Lambda-2" method described in [25] .
Fig. 7. URANS solution for 7 rotor-blade passings, with rotor tip vortices displayed using the "λ 2 criterion" [24].
Aero-optical effects on a simulated helicopter-mounted optical system were computed for 3 o increments of the rotor phase angle. For a rotor frequency of ~5 Hz, the 3 o computations give a frequency resolution of ~550 Hz, which was judged to be adequate to resolve the important frequency content of the wake-vortex aero-optical aberrations. Rather than use thermodynamic information directly from the URANS solutions, aero-optical effects were instead computed using the experimentally-validated procedure described in [8] [9] [10] ; specifically, by first tracking the locations of the tip vortices from the URANS solution, and then using those locations to compute thermodynamic and hence aero-optic properties using the isentropic method that is described and experimentally validated in [8] [9] [10] . The simulated 1 µm wavelength beams were projected from a point in space corresponding to where an optical system would most likely be mounted at the bottom center of the helicopter fuselage, and at elevation angles of 0 o (i.e. parallel to the rotor plane), and directed at targets 10 o and 20 o below the horizon. The aperture diameter for the outgoing simulated beam was 0.2 times the average pitch of the helical vortex wake surrounding the helicopter (i.e., 0.2 times the average distance between neighboring vortices in the wake, approximately 1.5 m). Calculations were made for approximately 2 rotor revolutions.
Wavefront distortions on the outgoing beam at 4 instants in time spanning the passage of a rotor vortex through the outgoing beam (0 o elevation angle) are shown in Fig. 8 . Note that optical tip/tilt has been retained in the images shown in Fig. 8 Fig. 8 ). As such, for most of the farfield irradiance patterns shown on the right side of Fig. 8 , the primary effect of the rotor vortices is to displace the aim point from the center of each image. However, when the vortex is centered in the outgoing beam (image D), the on-target beam irradiance is also highly broken up and diffused. The time history of the Strehl ratio for the URANS simulation is plotted in Fig. 9 . The Strehl ratio shows the ratio of the on-target beam irradiance I to the optimum irradiance I 0 that can be achieved in the diffraction-limited case. (12) The Strehl-ratio data were computed directly from the farfield irradiance patterns. In Fig. 9 , the solid line shows the SR for the raw, uncorrected beam. However, as pointed out in Refs. 9,10, most of the time the rotor vortices impose primarily an optical tip/tilt on the outgoing beam; as such, Fig. 9 also includes a curve that shows the residual SR with tip/tilt removed, such as could be achieved using a fast-steering mirror that is used to correct the tip/tilt aberrations (dashed line). The figure shows that with tip/tilt removed, the SR is close to the diffraction-limited maximum for most of the time; however, the SR drops sharply to near 0.1 whenever a rotor vortex is centered or nearly centered in the outgoing beam. The vortex-passing events in Fig. 9 are also not fully periodic, and show slight but noticeable differences between events; this aperiodicity is produced by the URANS simulation, which morerealistically models the rotor-wake development including vortex interactions. Time histories of the Strehl ratio for the 10 o and 20 o beam elevation angles that were computed are summarized in Fig. 10 ; these histories show even more variations between vortex-passing events.
For comparison, a similar history of Strehl ratio computed using the prescribed-wake methods of Refs. 9,10 for 0 o elevation of the outgoing beam is shown in Fig. 11 . Fig. 11 shows a steady-state calculation of the optical environment beneath a helicopter in hover where the x-axis, ζ, is the beam aiming azimuthal angle where 0 o corresponds to looking straight forward and 90 o corresponds to looking either directly port or starboard. Although the URANS simulation produces very nearly the same level of Strehl reduction as predicted by the prescribed-wake approach, it is clear that the URANS time history for the Strehl ratio contains noticeably more variation due to aperiodicity. Note that, as discussed in Refs. 9,10, the exact Strehl reduction that results when a rotor vortex passes through the outgoing beam depends on specific atmospheric conditions, which can affect vortex diffusion and growth. The aperiodicity of the vortex-passing events shown in Figs. 9 and 10 has implications on the frequency content of the aberrations and hence possible correction strategies. 
B. Combined URANS-LES Results
As depicted in Fig. 4 , the objective of the LES is to model the evolution of a short segment of a rotor tip vortex starting from the time the vortex is formed. The resulting LES solution is then "embedded" into the URANS solution by selecting the specific time step from the LES solution that best matches the actual vortex conditions that would exist when the vortex passes into the line of sight of a helicopter-mounted optical system.
The result of this simulation is shown in Fig. 12 , which shows the full OPD field that an optical system mounted on the helicopter would see at a single instant in time as it looks out through the helicopter vortex wake. Note that the dark blue regions in Fig. 12 are the rotor vortices while the red regions are the gaps between the vortices. In effect, the computed OPD field shown in Fig. 12 would be convecting past the outgoing beam, while the individual vortices would also be evolving with time. The OPD times series were generated by projecting a simulated beam through the OPD field shown in Fig. 12 at elevation angles of 0 o (i.e. level with the helicopter), and 10 o and 20 o below the horizon of the helicopter (i.e. aiming at targets below the helicopter, and the OPD field was allowed to rotate and evolve with time.
Time-Resolved Aero-Optic effect of Rotor Wake
Example wavefronts from these calculations are shown in Fig. 13 , which shows the wavefront of the outgoing beam for 3 different orientations as the rotor vortex passes through the outgoing beam. The wavefronts shown in Fig. 13 are for a beam with aperture approximately 0.2 times the distance between individual vortices in the helical vortex wake, and a beam projected at an elevation angle of 0 o . A wavefront from LES computations in which the vortex was centered in the outgoing beam is shown in Fig. 14 , which includes an experimentally-measured wavefront acquired through a tip vortex [8] for comparison; the close comparison between the LES and experimental wavefronts in Fig. 14 indicates that the approach is accurately modeling the effect of the small-scale turbulent structures on the outgoing beam. The ratio of the beam aperture diameter to vortex core radius is 5.35 and 6.35 for the LES and experimental wavefronts respectively. Fig. 15 to Fig. 11 , we can see a larger distorting influence due to the density fluctuations produced by the LES even when the vortex is not centered in the aperture than were observed using the previous methods. The addition of a tip/tilt correction improves the system performance when the beam is outside of the aperture but the large reduction in SR caused by the tip vortex centered in the beam aperture remains.
Frequency Characteristics
The frequency content of the aero-optic effect was estimated by averaging the temporal PSDs of each pixel in the aperture according to [26] : (12) Here, m and n represent the location of a single data point in the aperture. The aperture-averaged temporal PSD for the two models is shown in Fig. 16 . In Fig. 16 , the first noticeable comparison is that both models share a spectral peak at the blade passing frequency. At higher frequencies it is evident that the LES predicts larger spectral magnitudes as compared to the modified URANS simulation that can be attributed the smaller-scale turbulent structures around the tip vortex. The overall similarities of the two models at low frequencies suggest that the main effect of the combined URANS-LES method is to add additional detail on the high-frequency content of the optical distortions. Figure 17 shows the spectral comparison between the jitter signals at the center of the aperture for the two models. Optical jitter represents the slope between a set of points (lenslet locations) on the wavefront. 
Tip/Tilt Characteristics
Previous investigations [8] [9] [10] as well as what has been presented here have shown that the passing of a tip vortex across a beam aperture imposes a significant amount of optical tip/tilt. Tip/tilt does not reduce the ability of the beam to deliver high energy in its focused spot, but does result in an off-center shift in the desired propagation path. In experimental applications, tip/tilt can be removed using a fast-steering mirror or in simulations by removing a best-fit plane to the optical wavefront using a least-squares approach. The PSD of the extracted optical tip for both the URANS and LES is shown in Fig. 18 . Here we can once again see the shared spectral peak at the blade passing frequency although the LES shows larger magnitudes at higher frequencies. 
IV. Conclusions
By embedding LES solutions for a vortex column in the rotor tip locations computed using URANS calculations, the aero-optic environment enveloping a helicopter in hover has been modeled. The computed results have shown good agreement with the OPD rms , SR, and optical tip/tilt trends seen in previous investigations. The method has proved capable of reproducing the expected bulk aberrating effects of the blade-tip vortex as well as capturing the higher order effects resulting from the density fluctuations associated with the turbulent structure of a helicopter tipvortex filament. This study has also shed light on the presence and effect of aperiodicity in the convecting wake that would ultimately broaden the frequency requirements of a corrective AO system. In future studies, the data presented in this study will be compared with experimental optical data generated by a full-scale utility helicopter in hover. Future studies will also investigate the region between vortex passings where the neighboring vortex filaments encroach one another and possibly interact. 
